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Abstract 
In this contribution results of the non-steady state operation of a novel pressure stable thermoelectric flow sensor chip for the 
inline chemical process analysis in micro reactors are presented. The sensor chip consists of a heater in between two thermopiles 
on a novel perforated membrane, thus liquid flows on both sides. Compared to the conventional constant overtemperature/current 
operation the heater is now operated in non-steady state/pulsed mode and step responses of both thermopiles are evaluated. Based 
on our results the non-steady operation of the heater leads to a better discrimination between thermal conductivity and heat 
capacity of the liquid. 
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1. Motivation and approach 
Chemical micro process engineering based on micro reaction technology became a promising and growing field. 
Devices for unit operations like mixing, reaction and heat exchange are state of the art. In organic synthesis micro 
structured reactors were widely applied for processing homogeneously and heterogeneously catalyzed liquid phase 
reactions1,2. Nevertheless there is still a lack in low cost and robust sensors for monitoring chemical conversion in 
micro reactors. Recently it was shown that a network of thermal flow sensors based on the thermo-transfer principle 
can be used in residence time micro reactors for monitoring changes in the isobaric heat capacity3. In this context 
thermoelectric flow sensors fabricated using silicon micro mechanics are of special interest. It is known that both, 
the thermal conductivity (λth) and isobaric heat capacity (cp), contribute to the sensor response. Compared to 
conventional mass flow sensor applications, in micro reactors the overall mass flow rate and temperature of the 
liquid are known. In this contribution we present results of a novel pressure stable thermoelectric flow sensor chip in 
non-steady state operation mode for monitoring thermal properties of reactive liquids in micro reactors. The pulsed 
excitation of the heater is to result in a better distinction between heat capacity and thermal conductivity of the 
liquid. Furthermore with this approach the amount of dissipated heat into the reactive system can be minimized. 
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 2. Pressure stable thermoelectric flow sensor chip 
Chemical reactions are typically processed in overpressure regime to prevent unwanted phase changes. Thus the 
pressure stability of the sensor is an important factor. The sensor design, micro fluidic channel and the micro plant 
were optimized for micro reactors with moderate through-put up to several hundreds of g/h per single micro reaction 
channel. A novel thermal flow sensor chip with perforated membrane was developed that involves a high pressure 
stability. The design as shown in Fig. 1a bears on a device already presented in a previous publication4. The sensor 
mainly consists of a heater (WTi) in between two thermopiles (p-Si/WTi) deposited on a 300 nm membrane (SixNy) 
with a size of 1000 μm x 1000 μm and further passivation. Small holes with a size of 200 µm x 40 µm around the 
perimeter fabricated by means of deep reactive ion etching ensure a pressure compensation between the top and 
bottom side of the membrane. Thus fluid flow and heat transfer on both sides contribute to the sensor signal. A 
borosilicate glass wafer bonded to the bottom forms a small cavity under the membrane and seals the chip. As 
shown in Fig. 1b the heater generates a temperature gradient that is distorted by changes in the mass flow rate or 
thermal properties of the liquid. Distortions are monitored by two thermopiles before/after the heater. 
 
 (a)  (b) 
Fig. 1. (a) Thermoelectric flow sensor chip consisting of a heater (HT) in between two thermopiles (TP) on a perforated membrane; (b) schematic 
of the steady state temperature profile on the upper side of a non-perforated membrane due to medium flow along the micro fluidic channel. 
3. Measurement setup and sensor electronics 
For experimental characterization a single flow sensor chip mounted on a PCB, see Fig. 2a, was integrated in a 
micro fluidic flow cell made of stainless steel as shown in Fig. 2b. All wetted materials involve a high chemical, 
temperature and pressure stability. The geometry of the micro fluidic channel (6.0 x 1.2 x 0.2 mm) ensures laminar 
flow conditions nearby the sensor surface and follows the structure of state of the art residence time micro reactors. 
 
 (a)  (b) 
Fig. 2. (a) Thermoelectric flow sensor chip glued and bonded to a PCB with vias for electrical interfacing from the bottom side; (b) micro fluidic 
flow cell for the sensor characterization and chemical process analysis. 
Fig. 3a illustrates electronics used for pulsed excitation of the heater and fast sampling of the thermopile and 
heater voltages. The analog sensor interface electronics is directly attached to the flow cell and involves 
transimpedance amplifiers for differential voltage measurement of high ohmic thermopiles. Fig. 3b shows the 
structure of the micro plant containing the flow cell used for sensor characterization and inline process analysis. 
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 (a)  (b) 
Fig. 3. (a) Electronics for pulsed excitation of the heater and fast sampling of thermopile voltages; (b) structure of the micro plant used for sensor 
characterization and the analysis of non-reactive/reactive chemical model systems in overpressure regime. 
A PC-card with programmable current sources and a D/A-card were employed for pulsed excitation and fast 
sampling of step responses. The micro plant with two inlets mainly consists of two micro annular gear pumps 
combined with 2 mini CORI-FLOW mass flow meters, a micro mixer, 2 pressure sensors and a pressure controller. 
Devices were interconnected by conventional 1/16´´-PTFE capillaries. For the analysis of pure solvents without 
mixing only one inlet of the plant as shown in Fig. 3b was used. 
4. Sensor characterization 
Initially different pure solvents with well known thermal properties were dispensed at a constant mass flow rate 
into the micro fluidic channel. A series of current pulses at a fixed amplitude of 8 mA was applied to the heater and 
both thermopile voltages were sampled simultaneously at a rate of 8 kHz until steady state. The sample rate was 
more than one order of magnitude faster than the characteristic step response time of the sensor referred to deionized 
water. While the amount of dissipated heat was adapted to the mass flow rate of 60 g/h. Focus was on the 
comparison of slopes as well as steady state values in between single thermopile voltages, when changing thermal 
properties of the liquid. Fig. 4 shows the step responses of thermopile 1 (TP1) and thermopile 2 (TP2) after 
switching on the current source for different pure solvents. 
 
As shown in Fig. 4, slew rates and steady state values of both thermopile voltages exhibit a large dependence on 
the thermal properties of the liquid and differ significantly in between TP1 and TP2. Differences of the slew rates 
are maximum directly at the rising edge of the pulse. The time constant of the sensor chip is in the range of ~ms that 
enables the detection of fast changes in the composition of the liquid. Fig. 5 shows the corresponding voltage drop 
of the heater. Voltages went immediately to steady state after switching on the current source, thus with a rate of 
8 kHz no reasonable transient could be sampled. 
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Fig. 4. Step responses of the thermoelectric flow sensor due to relative changes in thermal properties of the liquid after switching on the current 
source: (a) thermopile 1 (TP1) in flow direction before; (b) thermopile 2 (TP2) after the heater. 
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Fig. 5. Steady state response of the heater due to relative changes in thermal properties of the liquid. 
Referred to the curves of TP1 and TP2 the impact of the liquid on the heater response is comparably small. When 
comparing curves for 1-butanol and 2-propanol the steady state voltages and slew rates at t = 0 s of TP1 are within 
the measurement accuracy identical. But when evaluating TP2 the steady state voltage for 2-propanol is higher than 
for 1-butanol. Thermal properties of both liquids are (1-butanol: cp: ~2580 J/(kg⋅K), λth: ~0.15 W/(m⋅K)) and (2-
propanol: cp: ~2380 J/(kg⋅K), λth: ~0.17 W/(m⋅K)), data taken from literature at 25 °C. Furthermore when comparing 
TP1 and TP2 for butyl acetate and water referred to 1-butanol, large differences in signals are apparent. At a flow 
rate >>0 g/h heat is predominantly convectively transported to TP2, but mainly conductively to TP1 located in the 
opposite flow direction. Hence different relative changes in the signals of TP1 and TP2 can be mainly attributed to 
different governing heat transfer mechanisms. The latter involves different impacts of the isobaric heat capacity and 
thermal conductivity on the step responses of TP1 and TP2, i.e. slew rates and steady state voltages. 
5. Summary and conclusion 
In this contribution results of the non-steady state operation of a novel pressure stable thermoelectric flow sensor 
chip for the inline chemical process analysis in micro reactors were presented. The perforation involves a pressure 
compensation between the top and bottom side of the membrane, hence a high pressure stability of the device. 
Experimental results revealed that the chip can be used in residence time micro reactors to monitor relative changes 
in thermal properties of the liquid in overpressure regime. The pulsed excitation of the heater combined with the fast 
sampling of thermopile voltages and the comparison of step responses leads to a better separation between thermal 
conductivity and isobaric heat capacity. Actually there is no analytical model that can adequately describe the sensor 
response, i.e. taking into account the complex flow pattern/heat transfer in the cavity under the membrane. 
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